Trehalose is an important disaccharide that can be found in bacteria, fungi, invertebrates and plants. In some Ascomycota fungal plant pathogens, the role of trehalose was recently studied and shown to be important for conferring protection against several environmental stresses and for virulence. In most of the fungi studied, two enzymes are involved in the synthesis of trehalose: trehalose-6-phosphate synthase (Tps1) and trehalose-6-phosphate phosphatase (Tps2). To study the role of trehalose in virulence and stress response in the Basidiomycota maize pathogen Ustilago maydis, Dtps2 deletion mutants were constructed. These mutants did not produce trehalose as confirmed by HPLC analysis, showing that the single gene disruption impaired its biosynthesis. The mutants displayed increased sensitivity to oxidative, heat, acid, ionic and osmotic stresses as compared to the wild-type strains. Virulence of Dtps2 mutants to maize plants was extremely reduced compared to wild-type strains, possibly due to reduced capability to deal with the hostile host environment. The phenotypic traits displayed by Dtps2 strains were fully restored to wild-type levels when complemented with the endogenous UmTPS2 gene, or a chimeric construct having the Saccharomyces cerevisiae TPS2 ORF. This report demonstrates the presence of a single biosynthetic pathway for trehalose, and its importance for virulence in this model Basidiomycota plant pathogen.
INTRODUCTION
Trehalose is an a, a-1, 1-glycoside non-reducing disaccharide of glucose synthesized by bacteria, fungi, insects and plants but not by mammals (reviewed by Avonce et al., 2006) . For years, this molecule was considered mainly to be a carbon source, since its hydrolysis produces two glucose molecules. Recently, more evidence has emerged in support of its role in protecting cells against abiotic environmental challenges as well biotic stresses (Mahmud et al., 2012; S anchez-Fresneda et al., 2013; Bougouffa et al., 2014) . Trehalose protects the cells by preventing protein denaturation and scavenging damaging reactive oxygen species (ROS) (Crowe 2007; Cao et al., 2008) . The importance of this molecule was shown during conidiogenesis, spore germination and sexual development in fungi such as Aspergillus nidulans, Aspergillus niger, Aspergillus fumigatus, Stagonospora nodorum, Fusarium graminearum and Cryptococcus neoformans (Fillinger et al., 2001; Ni & Yu, 2007; Lowe et al., 2009; Al-Bader et al., 2010; Puttikamonkul et al., 2010; Botts et al., 2014; Song et al., 2014; Svanström et al., 2014) . In different organisms, the synthesis of trehalose is carried out by one of five different biosynthetic pathways (Paul, 2008) , although in most of the fungi studied, only one major synthesis pathway has been elucidated. This pathway involves the enzymatic complex named trehalose phosphate synthase/ trehalose phosphate phosphatase 'TPS-TPP', which has been studied extensively in the yeast Saccharomyces cerevisiae (Gancedo & Flores, 2004) . Briefly, the first reaction catalysed by the enzyme trehalose phosphate synthase Tps1, transfers one glucose molecule from the donor uridine diphosphate glucose (UDP-glucose) to glucose 6-phosphate, producing trehalose 6-phosphate (T6P) and uridine monophosphate (UMP). Next, phosphatase Tps2 removes the phosphate from T6P producing trehalose (T) and inorganic phosphorus (Pi). In S. cerevisiae, these enzymes form a complex with two redundant regulatory subunits, Tps3 and Tsl1, which activate the synthase complex (Winderickx et al., 1996) . A crucial role of trehalose in virulence was reported in human fungal pathogens such as Candida albicans, C. neoformans, Cryptococcus gatii and A. fumigatus, since in Dtps2 mutants this was severely reduced (Van Dijck et al., 2002; Zaragoza et al., 2002; Petzold et al., 2006; Ngamskulrungroj et al., 2009) . Additionally, a balance in intracellular trehalose was reported to be important during different cellular processes in C. neoformans (Botts et al., 2014) .
In some Ascomycota phytopathogens, such as in Magnaporthe grisea, Botrytis cinerea, S. nodorum, Fusarium verticillioides and F. graminearum (Foster et al., 2003; Wilson et al., 2007; Boudreau et al., 2013) , the role of trehalose has been addressed, showing that mutants were not able to tolerate heat, osmotic or oxidative stresses, and were generally affected in their virulence. Moreover, mutants affected in the synthesis of trehalose in F. verticillioides and F. graminearum were impaired in the synthesis of mycotoxins (Boudreau et al., 2013; Song et al., 2014) .
Ustilago maydis has become a model biotrophic Basidiomycota fungus with an available annotated genome sequence (K€ amper et al., 2006) . Three different morphologies are observed during its life cycle: a non-pathogenic, haploid, saprophytic, yeast-like cell type; a pathogenic, dikaryotic, hyphal cell type that after mating infects maize plants and its ancestor teozintle (Zea mays subsp. parviglumis); and teliospores, the survival and dispersal form. Infection results in the development of tumours on aerial parts of the plant in which teliospores develop (the so-called smut disease) (reviewed by Brefort et al., 2009; Dean et al., 2012; Djamei & Kahmann 2012) .
Considering the importance of trehalose in the general physiological response to stress and virulence in certain fungi, we were interested in addressing the role of this disaccharide in U. maydis. We show here that UmTPS2 is a unique gene in this fungus, and that its deletion renders mutants with no detectable amounts of trehalose. Deletion of UmTPS2 affected the general response of U. maydis to several abiotic stresses. Our results demonstrate the importance of trehalose in the physiology of this pathogenic fungus, including its virulence to maize plants.
METHODS
Fungal strains and culture conditions. U. maydis haploid strains (Table 1) were preserved at À80 o C in liquid complete medium (CM; Holliday et al., 1961) supplemented with 50 % (v/v) glycerol. Strains were recovered on solid CM, incubated at 28 C for 3 days. Genetic transformation was achieved by preparing protoplasts of U. maydis (Barrett et al., 1993) , using a mixture of lysing enzymes (Trichoderma harzianum; Sigma-Aldrich). Transformants were selected on hypertonic double CM plates supplemented with 1 M sorbitol (DCM-S) plus carboxin (4 µg ml
À1
; Fluka) or hygromycin B (250 µg ml
; Calbiochem) according to the strain. Minimal medium pH 7 (MM7; 1 % glucose, 3 g KNO 3 l À1 , 62.5 ml U. maydis salt solution l
, buffered to pH 7 with 30 mM Tris-HCl; Holliday et al., 1961) , minimal medium pH 3; (MM3; 1 % glucose, 3 g NH 4 NO 3 l À1 , 62.5 ml U. maydis salt solution l
, buffered to pH 3 with 30 mM sodium citrate; Holliday et al., 1961) . The Escherichia coli Top10 strain was used for general cloning and routine plasmid propagation (Sambrook & Russell, 1999) .
Nucleic acid manipulation. Purification of genomic DNA for PCR and Southern blot experiments was carried out according to the method of Hoffman & Winston (1987) . PCR was conducted using Taq DNA polymerase (Invitrogen), or when required, Platinum Taq DNA polymerase High Fidelity (Invitrogen). Purification of PCR products for radioisotope ( 32 P) labelling, overlap-PCR or cloning reactions were carried out using a Qiagen PCR purification kit (Qiagen). Vector dephosphorylation, ligation, enzymatic DNA digestion and recombination reactions were done according to suppliers' instructions (Invitrogen, New England Biolabs). Primer sequences are listed in Table S1 (available in the online Supplementary Material), and were synthesized by SigmaAldrich. Sequencing reactions were performed using Big Dye terminator mix from Applied Biosystems and an ABI310 Genetic Analyzer. For DNA blot hybridization, 10 µg genomic DNA was digested with selected restriction enzymes and run out in 1.2 % agarose gels in TAE buffer (40 mM Tris/acetate, 1 mM EDTA). DNA transfer to nylon membranes (Amersham Biosciences) and hybridization were carried out following standard procedures (Sambrook & Russell, 1999) . A DNA probe (1142 bp, 5¢ flank) used to identify U. maydis Dtps2 mutants was synthesized by PCR using genomic DNA from strain FB2 as template and primers 1720 and 1694. The probe was labelled with [a-32 P]dCTP using the RadPrime DNA labelling system kit (Invitrogen). Reverse transcriptase (RT)-PCR assays were conducted using Invitrogen's reagents; briefly, total RNA was purified using TRIzol, 2 µg RNA samples were treated with DNAse I, synthesis of cDNA was conducted using oligo dT primer, SuperScript II RT and RNaseOUT following the corresponding protocols (Invitrogen); controls with RT (+) or without RT(À) were included in all experiments. Gene-specific primers to analyse the expression of UmTPS2 (primers 2040 and 2057, 385 bp amplicon) were used. As internal constitutive control, the expression of the Um Actin gene, (GenBank accession number XM_011394329; primers 2035 and 2036, 279 bp amplicon) was measured. PCR products were run out in a 1.2 % agarose 1Â TAE gel, using 100 bp molecular size marker (Thermo Scientific). RT-PCR experiments were executed using 20, 24 and 28 cycles.
Plasmid to delete UmTPS2 gene. To delete the U. maydis TPS2 gene, plasmid 1316 was constructed using the DelsGate technology (García-Pedrajas et al., 2010) as follows: UmTPS2 genomic sequence was downloaded from the U. maydis genome former database (K€ amper et al., 2006) , now: http://www.helmholtz-muenchen.de/en/ibis/institute/ groups/fungal-microbial-genomics/resources/index.html. Briefly, genomic DNA from U. maydis strain FB2 was used as template in PCR reactions to amplify the corresponding UmTPS2 5¢ and 3¢ flanking sequences using primer pairs 1693-1694 (5¢ flank, 906 bp) and 1695-1696 (3¢ flank, 725 bp Plasmid to complement U. maydis Dtps2 mutants using a heterologous gene. Plasmid EH205 is a pNEBU H derivative harbouring a chimeric version of TPS2 gene. We used S. cerevisiae TPS2 ORF (ScTPS2, GenBank accession number CAA50025) under the native regulatory elements of UmTPS2. Briefly, using genomic DNA from S. cerevisiae wild-type strain and specific primers (2047 and 2048), we amplified the ScTPS2-ORF sequence (2739 bp). The promoter (824 bp; primers 2045 and 2046) and terminator (638 bp; primers 2049 and 2050) sequences from the UmTPS2 gene were amplified by PCR from FB2 genomic DNA. These three fragments were assembled by an overlap PCR reaction (Davidson et al., 2002) ; accordingly the chimeric gene was amplified using primers 2013 and 2014, and the resulting 4.2 kb amplicon was cloned into vector pCR2.1 TOPO (Invitrogen) producing plasmid EH187. Next, the 4.2 kb KpnI chimeric gene fragment was sub-cloned into vector pNEBU-H yielding plasmid EH205.
UmTPS2 gene deletion. Protoplasts of U. maydis were transformed using plasmid 1316 DNA previously linearized with the restriction enzyme I-SceI. Transformants resistant to carboxin were selected on DCM-S plus carboxin and were screened using PCR with primer pairs designed in the sequence corresponding to the 5¢ flank (1720-1071) or 3¢ flank (1072-1721) of the UmTPS2 locus and pDnorCbx backbone, respectively (García-Pedrajas et al., 2010) . Proper UmTPS2 gene replacement was confirmed by DNA blot hybridization. To this end, genomic DNA was isolated from the putative mutants and from FB1 and FB2 wild-type strains, and subsequently digested with the restriction enzyme BglII. After separation on an agarose gel, the DNA was blotted onto nylon membranes (Hybond-N+; Amersham Biosciences) and was probed with the [a Mating and pathogenicity tests. Mating test was carried out on CM solid supplemented with 1 % activated charcoal, on which the formation of a fuzzy colony phenotype indicates a positive mating reaction between sexually compatible strains (Banuett & Herskowitz, 1989) . Plates were incubated at room temperature for 36 h. Pathogenicity tests were conducted in a greenhouse using 7-day-old maize plants 'cacahuazintle'. Strains were grown under standard conditions in liquid CM amended with the appropriate selective agent (carboxin, hygromycin B or both). Cells were pelleted by centrifugation, and washed once and resuspended with sterile distilled water (SDW). Sexually compatible strains mixed in a 1: 1 ratio (300 µl, 10 8 cells ml
) were injected using a syringe with a 29-gauge needle into the stem of the plants. Symptoms were evaluated after 3 weeks. Approximately 25 plants were inoculated with each mixture of strains; the experiments were repeated four times. Statistical analysis was conducted using the Kruskal Wallis (P 0.05) test (PRISM package; Graph Pad).
Quantification of trehalose by HPLC. Strains were grown in liquid MM adjusted to pH 7 with 30 mM Tris-HCl (standard conditions). Cells were washed twice with SDW by centrifugation, and the pellet was frozen in liquid nitrogen, and kept at À80 C until used. Trehalose was extracted as reported by Ferreira et al. (1997) . Briefly, cells were ground in liquid nitrogen using a mortar and pestle, and 200 mg (wet weight) was boiled in 4 ml ethanol (HPLC grade) until evaporation. The residue was dissolved in 1 ml 45 % acetonitrile (HPLC grade). This solution was centrifuged at 12 000 r.p.m. for 10 min at room temperature and filtered through a 0.2 µm Millipore membrane. Trehalose was analysed by HPLC in an Agilent Zorbax Carbohydrate (150Â4.6 mm, 5 µm) column at 30 C, eluted with 80 % acetonitrile with a flow rate of 1.0 ml min
, and detected with an Agilent 1200 series Refractive Index Detector. Trehalose identity was determined by comparison of the retention time with that of a corresponding standard of trehalose (Sigma-Aldrich). Concentration of trehalose was expressed as µg per mg wet weight calculated using a standard curve prepared with trehalose. The results shown are the mean of three independent experiments. Stress assays. Selected strains were grown under standard conditions in liquid CM. Cells were pelleted by centrifugation, washed with SDW and adjusted to 10 8 cells ml À1 as above. Tenfold serial dilutions were prepared and 10 µl aliquots from 10 3 to 10 7 dilutions were spotted on MM adjusted to pH 7 (30 mM Tris-HCl) supplemented with the stressor agent indicated in each figure. Plates were incubated at 28 C for 72 to 96 h. To conduct ultraviolet stress, after a drop of cells was dried, plates were subjected to various UV doses (microjoules cm
À2
) with an ultraviolet crosslinker device (UVP UV at 254 nm). Next, plates were incubated as above. Photographs shown are representative of the experiments conducted three times. Percentage of relative growth was reported according to Nikolaou et al. (2009) ; briefly, the total spots observed across the dilutions (10 7 to 10 3 ) was expressed as the percentage of the control plate.
Growth kinetics. Strains were grown in liquid CM under standard conditions, after which, the cells were recovered by centrifugation, washed twice with SDW and suspended in the same culture volume of SDW. The OD (at 600 nm) of the cell suspensions was determined using a Genesys 10S UV-Vis Spectrophotometer (Thermo Scientific). Next, 10 ml of MM pH 7 or MM pH 3 supplemented with 2 % of the different carbon sources indicated, were inoculated at a density of 0.005 OD 600 units. Cultures were incubated at 28 C and 150 r.p.m. Samples were withdrawn every 24 h for a period of 96 h and OD 600 measurements were recorded. Samples were assayed in duplicate, and the experiment was conducted three times.
Homologous and heterologous genetic complementation of
Dtps2 mutants. Protoplasts of Dtps2 1328 and 1335 mutants were transformed independently with SspI-linearized plasmid AC94 (carrying the wild-type UmTPS2 gene) or SacI-linearized plasmid EH205 (carrying an ScTPS2 chimeric gene). Transformants resistant to both carboxin and hygromycin B antifungals were recovered. The presence of the UmTPS2 gene was verified by PCR amplifying an internal ORF fragment using primers 2040 and 2057. The following sets of strains were selected: AC145 and AC146 (1328 Dtps2, a1b1), AC167 and AC168 (1335 Dtps2, a2b2) ( Table 1 ). The presence of the ScTPS2 ORF was confirmed by PCR using primers 2047 and 2048, which amplify the 3 kb ScTPS2 ORF fragment. The following sets of strains were selected: EH219 and EH220 (1328 Dtps2), and EH236 and EH237 (1335 Dtps2) ( Table 1) .
RESULTS
Identification, cloning and deletion of the trehalose 6-phosphate phosphatase TPS2-encoding gene in U. maydis
To identify the corresponding U. maydis TPS2 gene, we performed a BlastP search using as query trehalose 6-phosphate phosphatase proteins reported in other fungi. In U. maydis, Tps2 is encoded by UmTPS2 (in keeping with the nomenclature in S. cerevisiae), which is located on chromosome 8 (GenBank accession number, XM_011391499). The gene has no introns and encodes a protein of 1321 aa. A BlastP search was conducted against GenBank at NCBI using the deduced UmTps2 protein sequence, and several close homologues were retrieved (Fig. S1 ).
At the carboxy terminus, UmTps2 bears the canonical trehalose phosphatase domain (EC 3.1.3.12), and in the middle of the protein, a sequence characteristic of a glycosyl-1-transferase domain is present (GT20 family); a similar protein topology was also observed in the corresponding proteins from several fungi (Fig. S1 ). We then proceeded to construct a targeted gene disruption cassette for UmTPS2 that deleted 87 % of its ORF. Null
Dtps2 strains 1328, 1329 (a1b1) and 1335, 1336 (a2b2) ( Table 1) were selected for further analysis after the correct gene disruption was identified by DNA blot hybridization and by RT-PCR experiments (Fig. S2 ).
Trehalose determination in Dtps2 mutants
In order to test if the synthesis of trehalose was impaired in Dtps2 1328 and 1335 strains, we performed an HPLC analysis. In samples from the FB2 wild-type strain, we identified trehalose as a retention peak at 5.3 min. In contrast to the wild type, no peak of trehalose was detected in the chromatograms corresponding to samples from strains 1328 or 1335, revealing the central role of the UmTPS2 gene in trehalose synthesis in U. maydis (Fig. 1) . The amount of trehalose in the wild-type FB2 sample was 1.68 µg per mg of wet weight. After an oxidative stress challenge of this strain produced by 2.5 mM H 2 O 2 , intracellular trehalose increased to a value of 14 µg per mg of wet weight. Taken together, these results demonstrate the presence of a functional trehalose metabolic pathway in U. maydis that responds to an oxidative stress, and reveal that the UmTPS2 gene encodes the bona fide trehalose phosphate phosphatase in this fungus.
Dtps2 mutants are not impaired in the metabolism of carbon or nitrogen sources
We analysed the growth kinetics of U. maydis Dtps2 mutants in media containing glucose, sucrose, trehalose, galactose, maltose, ethanol, glycerol or sodium acetate as carbon source, and ammonium or potassium nitrate as nitrogen source. The growth rates showed no statistically significant difference between the 1328 and 1335 Dtps2 strains as compared with the control wild-type FB2 strain (not shown). In contrast, deletion of TPS2 in F. graminearum was shown to affect the growth in MM supplemented with NO À 3 as nitrogen source, regardless of the different carbon source added (Song et al., 2014) .
Cell viability is compromised in Dtps2 cells after UV light exposure, thermal stress, heat shock and during storage
In the environment, microorganisms are exposed to damaging UV radiation, and it was considered possible that trehalose protected against UV damage. Accordingly, we observed that a UV dose of 30 000 µJ cm À2 significantly reduced the growth of Dtps2 mutants, whereas the FB1 and FB2 strains were barely affected (Fig. 2, Table 2 ). Growth of Dtps2 mutants at 35 C was slightly reduced, as compared with the wild-type FB1 and FB2 strains (Fig. 2, Table 2 ). Recently, in C. albicans, a sharp increase in the synthesis of trehalose was reported in wild-type cells subjected to thermal stress (Mayer et al., 2012) , a behaviour that could explain our results. Besides, S. cerevisiae or B. cinerea mutants affected in the synthesis of trehalose showed reduced cell viability when challenged with thermal stress (Argüelles, 1994; Doehlemann et al., 2006) . We also observed that the growth of Dtps2 mutants was impaired when challenged with a heat shock (46 C for 20 min) as compared with the control FB1 and FB2 strains, indicating the inability of the mutants to properly adjust to sub-lethal temperature exposure (Fig. 2, Table 2 ). This finding is in line with results from S. cerevisiae where heat-shock treatments resulted in an increase of intracellular amounts of trehalose (Li et al., 2009 ).
Furthermore, we tested the effect of storing cultures of 10 8 cells ml À1 of Dtps2 and wild-type FB1 and FB2 strains at either 4 C or at room temperature. After 20 days we tested cell viability, observing that this was reduced in the Dtps2 mutants, but not in the control wild-type strains, the effect being stronger at room temperature (Fig. 2, Table 2 ). Previously, it was reported that conidia viability of A. nidulans and B. cinerea affected in the synthesis of trehalose was reduced after storage at 20 C for 2 weeks (Fillinger et al., 2001; Doehlemann et al., 2006) .
Function of UmTPS2 is indispensable to mediate adaptation to cations or osmotic stress
We observed that growth of mutants 1328 and 1335 in MM pH 7 supplemented with 1.5 M sorbitol, 1.2 M mannitol, 1 M KCl or 0.8 M NaCl was drastically diminished, whereas under these conditions the growth of the control FB1 and FB2 strains was only slightly affected (Fig. 3, Table 2 ). Li et al. (2009) showed that S. cerevisiae undergoing an osmotic shock response accumulated intracellular trehalose, similar to previously reported in U. maydis after addition of 1 M NaCl (Salmerón-Santiago et al., 2011) . To substantiate our findings, we analysed the expression of the UmTPS2 gene under osmotic stress in the wild-type FB2 strain. A sharp increase in the amount of UmTPS2 mRNA was observed after 45 min when the mutant was grown in the presence of 1 M NaCl, but after 2 h the expression of the gene returned to a level similar to that observed under the control condition (Fig. 3, Table 2 ). Also high concentrations of Ca 2+ (0.7 M CaCl 2 ) inhibited the growth of the Dtps2 mutants; in fact, the size of colonies was reduced even in the wild-type control strains (Fig. 3 , Table 2 ).
UmTPS2 contributes to coping with oxidative stress
We analysed the response of Dtps2 mutants to a hyperoxidant environment. To achieve this, we used several oxidants: hydrogen peroxide (H 2 O 2 ), tert-butyl hydroperoxide (tbhprx; a lipid peroxidation agent), rose bengal or the superoxide-generating chemical menadione (2-methyl-1, 4-naphthoquinone). Our results showed that all of these agents severely affect the growth of the Dtps2 mutants, as compared with minimal damage to the growth of FB1 and FB2 wild-type strains (Fig. 4, Table 2 ). Similarly, it has been reported that cell viability was decreased in S. cerevisiae, A. fumigatus and C. albicans mutants affected in the synthesis of trehalose grown under oxidative stress (Petzold et al., 2006; Al-Bader et al., 2010; Gonz alez-Parraga et al., 2010; Lu et al., 2011; Vilaça et al., 2012; S anchez-Fresneda et al., 2013) . Given the importance of trehalose in the response to oxidative stress, we analysed the expression of UmTPS2 in the wild-type FB2 strain cells exposed to 5 mM H 2 O 2 . The expression was similar to that under control conditions (not shown), whereas in C. albicans the expression of TPS2 was induced fourfold by a similar stress (Gonz alez-Parraga et al., 2010).
UmTPS2 is important to orchestrate responses to extreme pH and cell-wall stress Dtps2 mutants were susceptible to drastic changes in the pH of unbuffered culture media. Accordingly, when incubated at pH 2 (14 mM acetic acid), the growth of Dtps2 strains was reduced compared with that of strains FB1 and FB2; a similar effect was observed when the pH of the culture media was adjusted to pH 10 using 30 mM NaHCO 3 (Fig. 5 , Table 2 ). We further tested any possible alteration in the cell wall of Dtps2 mutants, we proceeded to challenge these strains with agents that reveal impaired integrity of the cell wall such as caffeine, calcofluor white (CFW), SDS or Congo red (CR). We observed that mutants were more sensitive than the wild-type strains to a very low dose of detergent (0.003 %), since their growth was diminished (Fig. 5 , Table 2 ). CFW is known to weaken the wall by binding to nascent chitin chains, and CR interferes with proper crosslinking of nascent chitin chains to b-1,3 and b-1,6 glucans (Ram & Klis, 2006) . Accordingly, Dtps2 mutants were considerably more sensitive than the FB1 and FB2 control strains at 8 µg CR ml
À1
or at 200 µM CFW (Fig. 5, Table 2 ). Caffeine, the fourth compound used to evaluate cell-wall integrity (Kuranda et al., 2006), impaired growth of the Dtps2 mutants at 2 mM concentration when compared with the control strains (Fig. 5 , Table 2 ). Consistent with the response of the Dtps2 mutants to these cell-wall stressor agents, we found that the rate of protoplast formation using a cell-wall digesting enzyme mix from T. harzianum was much higher in mutant strains 1328 and 1335 than in FB1 or FB2 cells (data not shown). In addition, we tested cell survival after treatment with this mixture of cell-wall lytic enzymes. Our results showed that the capacity of the enzyme-treated Dtps2 mutants to produce c.f.u. on CM without osmotic support was decreased when compared with the control strains: 2595±120 c.f.u. for FB1, 2650±150 c.f.u. for FB2 vs 610±85 c.f.u. for the 1328 mutant and 780 ±192 c.f.u. for the 1335 mutant (three independent experiments with duplicate samples each). Altogether, these results suggest important alterations in the structure of the cell wall of U. maydis Dtps2 mutants. Cell-wall alterations have also been observed in A. fumigatus DtpsAB and F. graminearum mutants unable to produce trehalose (Al-Bader et al., 2010; Song et al., 2014) .
Virulence is reduced in Dtps2 mutants
Taking into consideration that only U. maydis dikaryons or diploids of U. maydis are virulent to maize plants, in order to test the virulence of the haploid Dtps2 mutants we first assessed their capacity to mate. Using the Fuz analysis (Banuett & Herskowitz, 1989) we observed that all of them were able to mate with their corresponding sexually compatible strains, mutants or wild type (Fig. S3) . With this positive result, we proceeded to inoculate maize plants with a mixture of sexually compatible Dtps2 mutants. We observed a significant reduction in the symptoms displayed by the mutants, as compared with those caused by the sexually compatible wild-type strains. Production of anthocyanin and chlorosis were similar, but the tumours produced by the Dtps2 mutants were small (less than 0.2 cm) and mostly developed on the leaves, whereas inoculation with a mixture of wild-type FB1ÂFB2 strains induced large 3 to 6 cm tumours on the stems (Fig. 6a-f, j) . We confirmed the recessive nature of the Dtps2 mutants, since mixtures of Dtps2 x wild-type produced symptoms on maize plants similar to those produced by the FB1ÂFB2 cross (Fig. 6j) . Statistical comparison of tumour formation by a KruskalWallis analysis demonstrated significant variance between the wild-type, Dtps2 mutants and the corresponding complemented strains (P<0.0001), either with the UmTPS2 or with the chimeric gene from S. cerevisiae (ScTPS2) (see below).
Phenotype of Dtps2 U. maydis mutants was alleviated by the homologous UmTPS2 gene, or the S. cerevisiae ScTPS2 chimeric gene We proceeded to analyze the phenotype of the strains complemented with the homologous or heterologous (chimeric) Stress sensitivity to the stressor agents indicated was quantified by calculating the percentage growth under each condition relative to the corresponding non-stress control plate.
S. cerevisiae gene. Thus, we found a similar amount of trehalose in the complemented strains as compared with the FB2 control strain (4 µg per mg wet weight for AC146; 3.8 µg per mg wet weight for EH219; representative data). On the other hand, under oxidative stress (50 µM menadione or 2.5 mM H 2 O 2 ), osmotic stress (0.8 M NaCl, 1 M KCl, 1.2 M mannitol or 1.5 M sorbitol) no matter the origin of the complementing gene, the growth of complemented strains was comparable with the wild-type FB2 strain (representative data in Fig. S4 ). Fig. 3 . Response to osmotic stress of wild-type and Dtps2 mutants. Cells were prepared and spotted as in Fig. 2 . Plates were incubated at 28 C for 96 h. Data shown are representative of three independent experiments. The expression of UmTPS2 was assessed by RT-PCR, FB2 cells were grown in MM pH 7 (30 mM Tris-HCl), challenged with 1 M NaCl during the time indicated. Expression of UmTPS2 is shown after 20 amplification cycles. For RT-PCR controls, the Um Actin gene was used. NTC; non-template control; gDNA, genomic DNA. Reactions without reverse transcriptase were also included (ÀRT). M, 100 bp DNA size marker. Results are representative of experiments performed twice. FB1 and FB2 wild-type strains, Dtps2 strains 1328 (FB1 background) and 1335 (FB2 background).
In addition we inoculated maize plants with both sets of mating-compatible, complemented strains (homologous UmTPS2 gene or chimeric ScTPS2 gene) to find that all produced wild-type symptoms, similar to those by the FB1ÂFB2 control cross (Fig. 6g-j) . Statistically, the tumours produced by wild-type strains or complemented strains were not different (Kruskal-Wallis P=0.8853). These results confirmed that the mutant phenotypes were fully reverted to wild type with either complementing gene, and ratified that all the alterations displayed by the Dtps2 strains were solely due to the gene mutation, and therefore the importance of trehalose in all the processes analysed.
DISCUSSION
In this work, we blocked the synthesis of trehalose in U. maydis, revealing several ensuing pleiotropic phenotypes, such as in F. graminearum (Song et al., 2014) . In U. maydis, trehalose plays a critical role in response to oxidative stress, since Dtps2 mutant strains 1328 and 1335 were not able to properly tolerate an oxidizing environment. Considering the damage produced by the agents tested (H 2 O 2 , menadione and tb-hprx), U. maydis could operate a similar mechanism for preventing oxidation of proteins and membranes regulated by trehalose as previously described in S. cerevisiae (da Costa Morato Nery et al., 2008) . Reinforcing the roles played by trehalose in other microorganisms, as a stress protectant molecule being the most important (Tournu et al., 2013) , we observed a correlation between trehalose and H 2 O 2 stress, since FB2 cells accumulated more trehalose in response to H 2 O 2 ; this finding is in agreement with data reported in C. albicans, S. cerevisiae, A. fumigatus and Schizosaccharomyces pombe; supporting its role as a ROS-scavenging molecule (Mahmud et al., 2010; Kim et al., 2011; S anchez-Fresneda et al., 2013; Palabiyik & Jafari Ghods 2015) .
The specific sensitivity of Dtps2 U. maydis strains when challenged with thermal stress is similar to the behaviour 144 µM tb-hprx observed in the corresponding Dtps2 mutants in C. gatii, C. neoformans and C. utilis (Petzold et al., 2006; Ngamskulrungroj et al., 2009; Lahiri et al., 2014) . The importance of intracellular trehalose for coping with heat stress has been directly related with the activation of the PKC1 pathway (cell integrity) in S. cerevisiae (Mensonides et al., 2005) . Besides, trehalose can serve the role of a chaperone (Dandage et al., 2015; Kaushik & Bhat, 2003) , since mutants with cell-wall defects are not able to tolerate thermal stress in F. verticillioides (Zhang et al., 2015) . In addition, the transcription of several genes encoding heat-shock proteins and regulated through Hsf1, was trehalose dependent, revealing the role for trehalose as a gene inducer (Conlin & Nelson, 2007; Saleh et al., 2014) . Also important is the fact that in C. albicans, a relationship between trehalose and the small chaperone sHsp21 was demonstrated, since an hsp21D/D mutant accumulated less intracellular trehalose and the response to stress was phenocopied by tps2D/D mutants (Mayer et al., 2012) .
Under extreme pH conditions, the growth of U. maydis
Dtps2 mutants was severely affected, as previously reported in S. cerevisiae Dtps2 mutants, which were not tolerant to the effect of acetic or propionic acids; in contrast, a mutant impaired in the hydrolysis of trehalose was highly resistant to them (Hu et al., 2014; Yoshiyama et al., 2015) . Moreover, in S. cerevisiae, intracellular trehalose accumulated through the effect of these acids, revealing the importance of this disaccharide in tolerating this stress (Guo & Olsson 2014; Hu et al., 2014) . Particularly, growth of U. maydis Dtps2 strains was impaired by an alkaline environment (pH 10), in this regard in F. graminearum Dtps2 mutants, the expression of the PalI/RIM9 gene, a member of the alkaline pH sensing pathway was down-regulated (Song et al., 2014) . Although the corresponding homologous gene is not involved in the response to alkaline pH in U. maydis (Cervantes-Ch avez et al., 2010) , analysis of the expression pattern of the other gene members of the Pal/Rim pathway deserves further attention.
Related to virulence, the U. maydis Dtps2 mutants displayed a dramatic phenotype, since the percentage of big basal tumours developed on seedlings was 0 % as compared with the 67 % developed by the wild-type cross (Fig. 6 ). In these mutants, mating was not affected, since they grew in the typical filamentous aerial hypha (Fuz reaction), so the reduced virulence observed in maize plants is not related with this phenomenon (Brefort et al., 2009) . In contrast, in F. graminearum, deletion of the TPS2 gene rendered mutants with retarded apical growth, resulting in morphological changes such as increased branches and no aerial mycelium formation (Song et al., 2014) .
Inside the plant during the course of the infection, the fungus is confronted with a hostile plant environment in which the presence of ROS produced by the host plays an important protective role, as well as other biotic and abiotic factors Hemetsberger et al., 2012) . Given that, in vitro, U. maydis Dtps2 mutants showed an increased sensitivity to H 2 O 2 , similar to F. graminearum (Song et al., 2014) , it may be that the ROS produced by the plant prevented proper penetration or development inside the host of these U. maydis mutants, considering that, specifically in this biotrophic fungus, it was reported that H 2 O 2 is accumulated in the cell wall of maize at the site of penetration; besides, the expression of the peroxidase pox12 (involved in ROS production) is induced in response to U. maydis attack (Hemetsberger et al., 2012) . Worth mentioning is that U. maydis Dtps2 mutants did not show any growth reduction under standard conditions, in contrast to the corresponding F. graminearum mutants, indicating that virulence reduction was not due to decreased fitness (Song et al., 2014) . Additionally, it was reported that U. maydis strains deleted in the Yap1-H 2 O 2 detoxification system are not able to tolerate exposure to H 2 O 2 , and etheir virulence in maize plants is reduced (Molina & Kahmann, 2007) . Possibly, there is a relationship between trehalose and the transcription factor Yap1, since in S. cerevisiae the expression of TPS2 is regulated by Yap1 (Gounalaki & Thireos, 1994) . Reduced virulence can also be attributed to an increased sensitivity to other abiotic stresses. For example, in addition to the production of ROS, the plant cell wall is strengthened by callose deposition, imposing an osmotic pressure meant to stop a penetrating fungus from spreading into the plant (O'Brien et al., 2012) . Indeed, we found that the U. maydis Dtps2 mutants were sensitive to osmotic stress, and another previous finding that the presence of 1 M NaCl leads to accumulation of trehalose in wild-type U. maydis (Salmerón-Santiago et al., 2011) supports such a correlation.
We further observed a weakened cell wall in U. maydis Dtps2 mutants. Since the fungal cell wall is the main structure in direct contact with the plant when initiating and establishing the infection, it is possible that this phenotype renders the fungal cell wall in these mutants more vulnerable to host defensive enzymes (Balasubramanian et al., 2012) leading consequently to the production of milder symptoms in maize plants. In the case of F. graminearum, Dtps2 cells showed changes in the cell-wall architecture, including decreased amounts of chitin and altered pattern distribution (Song et al., 2014) . In the same way, in A. fumigatus and F. graminearum Dtps2 mutants, the expression of several genes involved in the construction of the cell wall or its remodelling was altered, and structural differences were observed by transmission electron microscopy (Puttikamonkul et al., 2010; Song et al., 2014) .
In summary, in this research we evidenced that UmTPS2 is essential for trehalose synthesis in U. maydis, and showed the importance of trehalose in the appropriate responses to several stresses in vitro. Some of the stresses tested are likely encountered by the fungus when infecting the hostile environment of the plant host when it mounts physiological defenses. Further studies are planned to investigate the possible relationship between trehalose and signaling pathways, mainly those related to the responses to stress such as the calcineurin pathway or the cell-wall integrity pathway (CWI-Slt2).
